UCL-IPT-96-05 



A light stop and electroweak baryogenesisQ 



D. DelepinefJ], J.-M. Gerard, R. Gonzalez Felipe and J. Weyers 

Institut de Physique Theorique 
Universite catholique de Louvain 

B-1348 Louvain-la-Neuve, Belgium 



Abstract 

The possibility of creating baryon asymmetry at the electroweak phase tran- 
sition in the minimal supersymmetric standard model is considered for the case 
when right-handed squarks are much lighter than left-handed ones. It is shown 
that the usual requirement v(T c )/T c > 1 for baryogenesis can be satisfied in 
a range of the parameters of the model, consistent with present experimental 
bounds. 
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The interesting idea that the baryon asymmetry of the Universe may take place 
at the electroweak phase transition has attracted a lot of attention in the past few 
years [|TJ. The necessary requirements for such a process to occur, namely, baryon- 
number violation, C and CP violation and departure from thermal equilibrium, were 
first pointed out by Sakharov ||. Although these three criteria are in principle 
satisfied in the standard model, it is unlikely that the asymmetry can be generated 
within its framework at the electroweak phase transition. Indeed, the effects coming 
from the CP- violating phase in the Cabbibo-Kobayashi-Maskawa matrix seem to 
be too small to explain the observed baryon number asymmetry ||. Furthermore, to 
produce this asymmetry it is necessary that processes which could wash out the latter 
asymmetry at the electroweak phase transition be out of equilibrium. In other words, 
the interaction rate for such processes should be slower than the expansion rate of 
the Universe. It has been shown [ffl that when the electroweak phase transition is of 
the first-order, a criterion for the latter condition to be satisfied is 

M sph (T c ) > ^ 



where M sp h(T c ) = -jj-v(T c )B(\/g ) is the sphaleron mass, B is a constant which in the 



standard model ranges between 1.5 < B < 2.7 for < X/g 2 < oo and T c is the critical 
temperature for the phase transition. Thus, suppression of the anomalous baryon 
number violation after the transition requires a large jump in the Higgs vacuum 
expectation value v (T) during the transition [|J: 

^>i. (i) 

It is precisely this requirement ([!]) which imposes a severe constraint on the stan- 
dard model, since it implies an upper bound on the Higgs mass, placed by perturba- 
tive |J and non-perturbative || calculations in the experimentally ruled out region 
run < 60 GeV. Therefore, it is of interest to investigate the possibility for the baryon 
asymmetry of the Universe to be generated at the electroweak scale in extensions of 
the standard model and in particular, in the minimal supersymmetric standard model 
(MSSM), which not only predicts a light Higgs boson but also contains new phases 
as sources of CP- violation j7|. Previous numerical studies of the finite-temperature 
effective potential of the MSSM have shown that the strength of the first-order elec- 
troweak phase transition is slightly enhanced in the presence of light stops || . 

In this letter we want to show that in a simplified scenario described by the MSSM 
and for a range of the parameters of the model consistent with the present experi- 
mental bounds, there is still room for the constraint (|1|) coming from baryogenesis 
to be satisfied. To make our presentation more transparent, we shall keep only the 
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dominant zero- and finite-temperature contributions to the effective potential. As a 
result our analysis can be given in an analytical form. 

The starting point for our discussion will be the one-loop effective potential. Let 
us recall that in the MSSM there are two complex scalar doublets, which after the 
spontaneous symmetry breaking give rise to five physical Higgs bosons: two charged, 
two CP-even and one CP-odd scalars. We shall assume that in the low-energy theory 
only one linear combination of the CP-even neutral scalars remains light, while all 
the other Higgs bosons and supersymmetric partners of the usual standard model 
particles are heavy with a mass of the order of the global supersymmetry breaking 
scale. In this case, the tree level scalar potential for the real component of the lightest 
Higgs boson reads 

V tree = ^ 2 h 2 + ^~g 2 cos 2 2fth\ (2) 



where h = hi cos ft + h 2 sin ft, g 2 = (gf + g 2 ) and <7i )2 are the U (1) and SU (2) gauge 
couplings respectively. 

The main contribution to the one-loop effective potential comes from the radiative 



corrections due to top and stop loops and it can be written in the form 1G 



o 




(3) 



where 



- 9th 

is the field-dependent top quark mass, gt = h t sin ft is the top Yukawa coupling to 
the scalar h, N c = 3 is the number of colours and A is an ultraviolet cutoff (which 
does not play an important role in our discussion). The parameters mi and tur are 
the soft supersymmetry-breaking mass parameters of the left- and right-handed stops 
respectively. For simplicity, we have neglected in Eq. (|3|) the P-term contributions to 
the stop squared masses and possible left-right stop mixing effects. (A brief comment 
on the latter will be given in the conclusion). In other words, the field- dependent 
stop masses are given in our approximation by 

m h,R = m L,R + ™ 2 • ( 5 ) 

Assuming m,mL,TriR A and neglecting terms that vanish as A — >• oo, the 
zero-temperature one-loop effective potential Vq = Vt ree + V\ reads 
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- { — + 4 m|)2 ln(m 2 + m\) + ^(m| + m|)(2 In A 2 + 1)| . (6) 

The parameter // in Eq. (|fj) can be expressed in terms of the physical masses after 
the minimization of the potential Vq. For the Higgs mass m 2 = (d 2 Vo/dh 2 )\h =vo one 
finally obtains 



m h = m z cos 2 P + 7T2 TT ln 




(7) 
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where = gvo/2 is the Z-boson mass and m t = gtVo/y/2 is the top quark mass, 
v = 246 GeV. 

Let us now consider the finite-temperature contributions to the effective potential 
(^). We shall proceed in a standard fashion by making use of the high- or low- 
temperature expansions |Tl| of the effective potential depending on the masses of the 



particles involved. At this point it is worth recalling that in the case of bosons with 
vanishing masses in the symmetric phase, the high-T expansion contains a cubic (in 
the field) term, which implies the coexistence of two minima at the critical temper- 
ature and thus, the corresponding phase transition is of first-order. This is precisely 
the case in the standard model due to the presence of W and Z gauge bosons [[12] . 
However, in the latter case the transition turns out to be only weakly first-order. 

On the other hand, in the MSSM the strength of the phase transition can be 
enhanced by the contribution of the t^R stop fields. Since the masses of the stops 
do not vanish at h = (cf. Eq.(|5|)), they do not induce a cubic term in the high- 
T expansion of the effective potential. A possible scenario for making stronger the 
electroweak phase transition in the MSSM would be then the one where at least one 
of the soft supersymmetry-breaking mass parameters w,l,r is light enough. The latter 
scenario is naturally implemented, e.g. , in the framework of minimal supergravity 
TJL where m# = at the grand unification scale (universality of the soft masses), 



but tur can be much lighter than tul at the low-energy scale. Indeed, if the large top 
quark mass triggers the breakdown of SU(2) x U(l) through radiative corrections, 
there is a well-known 3:2:1 hierarchy ]TB| in the renormalization group equations for 



the Higgs scalar h 2 , right-handed stop Ir and left-handed stop i L squared masses, 
respectively. This hierarchy would naturally ensure the color and electric charge 
conservation (m| < 0) as well as baryogenesis (m R < m 2 L ). 

In what follows we shall assume that tjir < mj, at the electroweak scale, i.e. 
that the light stop is mainly right-handed, and also that tul 3> m t , so that tul 
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characterizes the supersymmetry breaking scale. Under these assumptions, the left- 
handed stop is relevant only to the effective potential at zero temperature, since 
its finite-T contribution is Boltzmann suppressed (low temperature expansion). On 
the contrary, the right-handed stop gives an important contribution to the finite- 
temperature effective potential and will be responsible for the enhancement of the 
strength of the first-order phase transition. Keeping the relevant terms for the gauge 
bosons, top quark and right-handed stop in the high temperature limit [111], finally 
we obtain the temperature contribution to the effective potential 



Vt 



m 2 T 2 



3m 4 / m 2 _ 



2m 3 w + m\ Th 3 
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(m| + m 2 fl 2 T 



2tt 



3(m| + m 2 ) 2 
32^2 



, mi> + m 



-C 
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where C F = -2.64 and C B = 5.41. 

Adding Eqs.(fjD and (§) and assuming w,l ^> m t ,we can write the finite-T one- loop 
effective potential in the compact form 



V(h, T) = M 2 {T)h 2 - 5(T)h 3 - a{T){h 2 + b 2 f 2 + \{T)h A 



(9) 



where 



M 2 (T) 
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(10) 

(11) 
(12) 
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Next we can obtain an improved one-loop finite temperature effective potential 
by including the resummation of the leading infrared-dominated higher-loop contri- 
butions, related to the so-called daisy diagrams |TT|. In our present case, this will 
amount to replacing the constant b in Eqs. fl9|) and (|1~2| ) by the temperature-dependent 
function 
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b(T) = ^m 2 R + U R (T) , (14) 

where g 

H«(r) = \g%T 2 + ^ (2 + tan" 2 /?) T 2 (15) 

is the finite temperature self-energy contribution to the right-handed stop and g% 
is the strong gauge coupling. Note that such a replacement allows us to take also 
into consideration the region m\ < 0, provided that the shifted stop mass m 2 R = 
m\ + Ii R {T) + m 2 remains positive and a colour-breaking global minimum is absent 
at T = 0. 

To establish the dependence of the vacuum expectation value v(T) of the Higgs 
scalar h on the temperature, we should solve the equation for the extrema arising 
from the minimization of the potential @, i.e. the equation 

2M 2 (T) - 35(T)v(T) - 3a(T)(v 2 (T) + b 2 ^)) 1 ' 2 + 4A(2> 2 (T) = . (16) 

We are interested in the solution of the equation ([16]) at two specific critical 
temperatures, namely the temperature T at which the potential (|9]) has a symmetry- 
breaking minimum and is flat at the origin (end of the phase transition), 

d 2 V 

= , (17) 

h=0,T=T 



dh 2 



and the temperature 7\ at which both, the symmetric and symmetry-breaking, min- 
ima are degenerate (onset of the phase transition), 

V(Q,T 1 ) = V{v(T 1 ),T 1 ) . (18) 

The phase transition will then take place at some temperature T c , T Q <T C < T\ and 
the following relations hold: 

< <?y < «gy (iq) 

Ti rji rp ' \ J 

1 J-c + 

Let us first find the critical temperature T . From Eqs.(|) and (|17|) it follows that 

M 2 (T )-3a(T )6(T )=0, (20) 
which with the use of Eqs.flTU|), (|I2|) and ( ITj ) is equivalent to the equation 

m 9 3T / — 7, ~ — : 3m % , T m \v 2 9 ^ 3 f / 1 _ \ , 

?l l7 1 v / < + n «( T o) + ^ i ln-^ = ^cos 2 2/5+— ( - - Cfe m| 



(21) 



2vr v K v ; 4vr 2 m fl 2m 2 r 8tt 2 l\2 
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Substituting M 2 (T ) from relation (pop into Eq. (|T6|) , we arrive at the cubic equa- 
tion: 



» 35 2 95 2 + 24ab\ - 9a 2 9ab5 

v v H v 

2A 16A 2 8A 2 



= . (22) 

T=T 

From Eqs.(]2lD and (22) we determine the ratio v(T )/T . As an illustrative exam- 
ple, we have plotted in Fig.l (solid line) the latter ratio as a function of the lightest 



stop mass m^ R = \Jm 2 R + m 2 for the specific values of tan/5 = 1.5, = 1 TeV and 
m t = 174 GeV. We notice that in the range of values 150 < mi < 185 GeV the ratio 
v(T )/T > 1. 

Next we consider the critical temperature T x . In this case we have the system 
of coupled equations defined by ([[(]) and (|1|), which are easily solved numerically 
The curve for the ratio v{Ti)/Ti as a function of the stop mass mi R is also presented 
in Fig.l (bold-dashed line) , for the same values of tan /3,m^ and m t given above. 
We see that at any temperature the latter ratio is, as expected, smaller than the 
corresponding one v (T )/T , but the constraint v(Ti)/Ti > 1 is nevertheless satisfied 
in the region 150 < m t - < 168 GeV. 

We remark that as decreases and for a fixed value of tan /3, the ratios v(T )/T 
and t>(T 1 )/T 1 will increase, thus implying a wider range of values for mr where the 
constraint (|l|) is satisfied. The Higgs mass (cf. Eq.(^)), in turn, will decrease as de- 
creases, but for 500 GeV < ull < 1 TeV and tan (3 = 1.5 we have 60 < rrih < 75 GeV, 
consistent with the present experimental bounds. 

The dependence of the ratio v(T)/T on tan/3 is plotted in Fig. 2 for the particular 
values of m R = and = 500 GeV. We see that as tan/3 increases the latter ratio 
decreases and for tan/3 = 1 it reaches its maximum value. This fact justifies our 
choice of values of tan/? ~ 1. Notice however that tan/3 = 1 implies a low value for 
the Higgs mass defined in Eq.(0). 

Finally, we shall briefly comment on the possible mixing in the stop sector. Its 
inclusion in our analysis would tend to weaken the first-order phase transition mainly 
due to the fact that it reduces the third term in the finite-temperature effective 
potential (|9p. Indeed, assuming that A± is the effective stop mixing mass parameter, 
then the lightest stop mass will be approximately given by m 2 = m R + m 2 (l — A 2 /m 2 ^) 
instead of the expression in (|5|). 

To conclude, under the assumption that the soft supersymmetry breaking param- 
eter for the right-handed stop is much smaller than the left-handed one (rriR -C ttil), 
we have shown that the baryogenesis constraint ([!]) can be satisfied within the frame- 
work of the MSSM. This conclusion holds for a range of values of the parameters 
consistent with the present experimental results. In particular, our results remain 
valid for a right-handed stop with a mass close to the value of the top quark mass 
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and for values of tan (3 close to 1. 



Note added: While this work was in preparation we received the paper [|14| where 
the authors perform a detailed numerical analysis of the effective potential of the 
MSSM and show that for low values of tan/3, m- t < m t and < raz the ratio 
v{T\)/Ti can indeed become significantly larger than one. We have checked that our 
results obtained using the simplified effective potential @ are in agreement with those 
of Ref.[|14]] in the 10 - 15 % range. From this we can conclude that the terms included 
in the improved one-loop effective potential given by Eqs. (f|)-(|l|) represent the most 
important effects. Other terms such as the additional gauge boson contributions at 
zero and finite temperature, the D-terms as well as the finite-temperature effects of 
the left-handed stop are negligible in the range of the parameters of the MSSM we 
are dealing with. 



References 

[1] See e.g. the reviews: A.G. Cohen, D.B. Kaplan and A.E. Nelson, Annu. Rev. 
Nucl. Part. Sci. 43 (1993) 27; 

V.A. Rubakov and M.E. Shaposhnikov, preprint CERN-TH/96-13 (1996) and 
references therein. 

[2] A.D. Sakharov , JETP Lett. 5 (1967) 24. 

[3] M.B. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay, Mod. Phys. 
Lett. 9 (1994) 795; Nucl. Phys. B 430 (1994) 382; 
P. Huet and E. Sather, Phys. Rev. D 51 (1995) 379. 

[4] M.E. Shaposhnikov, JETP Lett. 44 (1986) 465; Nucl. Phys. B287 (1987) 757; 
Nucl. Phys. B299 (1988) 797. 

[5] M.E. Carrington, Phys. Rev. D 45 (1992) 2933; 

M. Dine, R.G. Leigh, P. Huet, A. Linde and D. Linde, Phys. Rev. D 46 (1992) 
550; 

W. Buchmuller, Z. Fodor, T. Helbig and D. Walliser, Ann. Phys. 234 (1994) 
260. 

[6] K. Kajantie, K. Rummukainen and M.E. Shaposhnikov, Nucl. Phys. B407 
(1993) 356; 

Z. Fodor, J. Hein, K. Jansen, A. Jaster and I. Montvay, Nucl. Phys. B439 (1995) 
147. 



7 



[7] See e.g. J.-M. Gerard, W. Grimus, A. Masiero, D.V. Nanopoulos and A. Ray- 
chaudhuri, Nucl. Phys. B253 (1985) 93. 

[8] G.F. Giudice, Phys. Rev. D 45 (1992) 3177; 
S. Myint, Phys. Lett. B 287 (1992) 325. 

[9] J.R. Espinosa, M. Quiros and F. Zwirner, Phys. Lett. B 307 (1993) 106; 

A. Brignole, J.R. Espinosa, M. Quiros and F. Zwirner, Phys. Lett. B 324 (1994) 
181. 

[10] M. Chaichian, P. Chiappetta, J.-M. Gerard, R. Gonzalez Felipe and J. Weyers, 
Phys. Lett. B 365 (1996) 141. 

[11] L. Dolan and R. Jackiw, Phys. Rev. D 9 (1974) 3320; 
S. Weinberg, Phys. Rev. D 9 (1974) 3357. 

[12] D. A. Kirzhnitz and A.D. Linde, Ann. Phys. 101 (1976) 195. 

[13] H.P. Nilles, Phys. Rep. 110 (1984) 1 and references therein. 

[14] M. Carena, M. Quiros and C.E.M. Wagner, preprint CERN-TH/96-30 (1996). 



8 



3 - 



tan p = 1.5 

m = 1 TeV 
L 



150 



160 



170 



180 



190 



200 



m [GeV] 

tR 



Figure 1: Dependence of the ratios v(T )/T (solid line) and v(T , 1 )/T 1 (bold-dashed 
line) on the right-handed stop mass mi R for the particular values of tan/3 = 1.5, 
rriL = 1 TeV and m t = 174 GeV. 
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Figure 2: The curves v(T )/T (solid line) and v(Ti)/Ti (bold-dashed line) as func- 
tions of tan (3 for m R — 0, m L — 500 GeV and m t = 174 GeV. 
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